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RESEARCHE MEMCRANDUM

MEASUREMENT AND CAT.CULATION OF BLADE TORSICNAL
DEFLECTION CF THREE SUPERSCNIC-
TYPE PROPELLERS

By Arthur E. Allis and Willard E. Foss, Jr.
SUMMARY

An investlgation to determine the blade torsional deflection of
three supersonic-type propellers at various operating conditions has
been conducted on the NACA 6,000-horsepower propeller dynamometer in
the Langley 16-foot transonic tunnel and at the Langley propeller static
test stand. The propellers tested in the tunnel were the Curtiss-
Wright 109622 (3 blades, 9.75-foot diameter) and the WADC-Aeroproducts
propeller (» blades, 12-foot diameter). Blade torsiocnsl deflection was
measured for these propellers at the 0.75 radial station at forward Mach
nurbers up to 0.96 and rotational speeds up to 2,100 rpm at several
blede angles. The NACA 10-(3)(049)-03 two-blade propeller was tested
at the Langley propeller static test stend at zero advance for blade
angles of 0°, 4°, 8°, and 12° (measured at the 0.75 radial station) at
rotational speeds up to 1,800 rpm. Blade torsional deflection of this
propeller was measured at the 0.70 radial station.

The results of the investigation indicate that the blade-torsional
deflection of supersonic-type propellers can be appreclable, but can be
predicted by theory with good accuracy. Propellers having thin blade
sections experience sn Increased torsional stiffening effect as indicated
by theory. A comparison of calculated and measured values of blade tor-
sional deflection for the Curtiss-Wright propeller indicated that the
aerodynamic twisting moment sbout the flexural axis was negligible when
a majority of the propeller-blade sections were operating at supersonic
speeds. -

Calculations of blade torsionsl deflection for the WADC-Aeroproducts
propeller indicate that for an off-design condition of operation, for
instance, the propeller operating as a brake, blade torsional deflection
can be several times the value of the design condition of operstion.
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INTRODUCTION

In the design of a supersonic-type propeller aerodynamlc considera-
tlons dictate use of thin blade sections. However, propellers having
thin sections also have a low value of torsional rigidity and are sus-
ceptible to blade torsional deflection (or blade twist). To assure
attainment of maximum efficiency at the design condition of operation,

a knowledge of the magnitude of the blade torsional deformetion while
operating is lmportant so that it can be included in the blade design.

Previous opticael measurements of blade twist (ref. 1) for pro-
pellers thicker than the present supersonic-type propellers indicated
blade twlst was not negligible but could be computbted with good accuracy.

The object of the present investigation was to measure the magni-
tude of the blade twist for supersonic-type propellers and ascertain
whether blade twist could be accurately predlcted by theory. It was
elso desirable to determine whether thin propeller blades experience
an increase Iin torsional stiffness greater than that obtained from
membrane analogy as indicated in reference 2.

The scope ofr the present paper is not confined to a specific case
of propeller operation, but through analysis and epplication of measured
and calculated valuee of blade twist for the three propellers tested,
the entire propeller operating range 1s encompassed. In the analysis,
the relative magnitude of blade twist for the different operating con-
ditions and the effect of blade twist on the aerodynamic and flutter
characteristics of a propeller are noted.

The propellers tested are the Curtiss-Wright 109622, the WADC-
Aeroproducts, and the NACA 10-(3)(049)-03. The first two propellers
mentioned were tested in the lLangley 16-foot transonic tunmel at for-
ward Mach numbers up to 0.96 and rotational speeds to 2,100 rpm. The
NACA 10-(3)(049)-03 propeller was tested at the Langley propeller static
test stand at zero advance for rotational speeds up to 1,800 rpm. Blade
twist was measured at the 0.75 radlal stetion for the WADC-Aeroproducts
and Curtiss-Wright propellers and at the 0.70 radial station for the

NACA 10-(3)(0OL49)-03 propeller.

SYMBOLS
b blade chord, ft
c angle from bottom dead center to reference prism loca-
tion at which light 1s reflected to photoelectric cell,:
deg (fig. 5)
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C13 blade-gsection design 1lift coefficient

Cp power coefficient, P/anD5

Crp thrust coefficlent, T/on2DH

%zi power-coefficient loading

dCm

—_— thrust-coefficlent loading

dx

D propeller diameter, £t

E Youngs ' modulus of elasticity, 1b/sq £t

G shear modulus of elasticity, lb/s¢ ft

h blade-section maximum thickness, £t

J advance ratio, V/uD

J torsional-stiffneas constent (based on membrane
theory), £tt

Jp’ total torsional-stiffness constant for l6-series sections,
e E + 0.0145 g-(%)aba(g}ﬁ)a], st% (ref. 2)

M _ﬁach number of advance

Mg serodynamic torsional moment, £t-1b

M. tensile torsionsl moment, ft-1b

MP planipetal torsional moment, ft-1b

M‘b propeller tip Mach number

N propeller rotational speed, rpm

n propeller rotational speed, rps
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Subscripts:
o]
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power, ft-1b/sec
propeller-tip radius, £t
radius to a blade element, ft
thrust, 1b

time difference bhetween signal from reference prism
and signal from prism on propeller blade, sec

velocity of advance, fps
fraction of tip radius, r/R

distance from propeller rotational axis to horizontal
plane through light source, £t (fig. 5)

horizontal distance from light source to plane of
rotation of propeller, £t (fig. 5)

blade angle, deg
static blade angle at 0.75 radiael station, deg
torsional deflection, deg

air density, slugs/eu ft

geometric helix angle, tan~t i&, deg

reference or zero operating condition ,

any operating condition other than the reference condltion

fraction of tip radius, r/R

APPARATUS

Test facilitles.~ The Curtiss-Wright 109622 propeller and the WADC-

Aeroproducts propeller were tested in the Langley 16-foot transonic
tunnel. The operational end flow characteristics of the tunnel are
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given in reference 3. When the dyneamometer and cylindrical body were
installed in the test section, the axial Mach number distribution (as
shown in fig. 1) differed from that given in referepce 3. A descrip-
tion of the airstream calibration and the results obtained with the
dynamometer and cylindrical body installed in the 16-foot tramsonic
tunnel are given in reference k.

The NACA 10-(3)(0k9)-03 propeller was tested at zero advance at
the Langley propeller static test stand.

Dynamometer.~ For the wind-tunnel tests the two 5,000-horsepower

units of the dynamometer were coupled in tandem with the propeller
installed on the forwerd unit. A long cylindrical body extended from
a point upstream of the minimum-area section of the tunnel to the pro-
peller spinner (fig. 1). The cylindrical body was placed upstream of
the spinner to produce a radislly uniform axisl flow field at the pro-
peller plane. The arrangement of the dynemometer and cylindrical body
in the wind-tunnel test section is shown in figure 1 and & photograph
is shown in figure 2. A complete description of the 6,000-horsepower
dynemometer is given in reference 5.

For the tests at the Langley propeller statiec test stand, only one
unit of the dynsmometer was used. A photogreph of the static-test-
stand installation is glven in figure 3.

Optical deflectometer.- Propelier-blaede torsional deflection was

measured by means of an optical deflectometer. The essential components
of the deflectometer are a concentrated arc light source, a photoelectric
cell, a propeller-blede prism, & reference prism, and an electronic
counter. A complete description and operatlng procedure for the opti-
cal deflectometer are given in reference 6 and a sketch (fig. 4) shows
the arrangement of some of the components of the deflectometer inside

a protective fairing which was mounted at the base of the front-unit
dynamometer support strut. The following brief description as to how
the deflectometer operated is given to permit an understanding of modil-
fications made to the deflectometer for the wind-tunnel tests.

Light from the concentrated source is reflected from a prism mounted
on the propeller blede and from & reference prism on the hub (or spinner)
to the sensitive portion of & photoelectric cell. At the photoelectric
cell the light signals are converted to electrical signals, amplified,
and then fed into an electronic counter which measures the time differ-
ence between the two signals. Blade twist can be determined at a given
propeller opersting. condition when the following are known: +ime dif-
ference between the propeller blade prism signal and the reference prism
signal, propeller rotational speed, and the position of the photoelectric
cell from the plane of rotation and the axis of rotation.



For the wind-tumnel tests 1t was found necesgary to modify the statlc-test-stend version of

the instrument (ref. 6). A separate light source and photoelectric cell were needed for the ref-

erence prism to insure a high-intensity reflected spot of light at the photoelectric cell. Fre-
liminary tests uging only one light scurce to cover both the propeller-blade priem and the ref-
erence prism produced a low-intensity reflected spot of light at the photoelectric cell which in
turn produced & weak electrical signal. This weak signal could not be detected at high tunnel-
noise levels., A schematic diegram (fig. 5) shows the location of the deflectometer camponents
for the wind-tumnel tests.

Operation of the optical deflectometer at the Langley propeller static test stand, prior to
the tunnel teste, aided in the development of the instrument. However, there were problems that
occurred during the tunpel tests that seriously limited the reliability of the instrument and
consequently prevented obtaining complete blade-twist data for all the propeller tests. Vibra-
tlon due to tunnel operation et high speeds was the major obstacle that prevented obtaining com-
plete data. Bventually the components inside the protective falring were isclated in a manner
that helped reduce the effect of vlbration.

Propellers.- The important geometrical properties of the three propellers tested are glven
in the following table and the redial variation of h/b, b/D, and B is shown in figure 6:

Propeller Dim;:ber, R‘Lgﬂ)er] a :f Blade gaction Plan form Thickness ratio
Curtiss-Wright| o o 5 Sigfg;::g:l NACA |pectangular b/b = 0.06 &t x = 0.27
109622 . symmetrical (lk-in. chord) |[b/b = 0.02 at x = 1.00

Tapered (linear):
Solid steel NACA { P = 19.35 in.
AAHAB(.‘- 12.00 3 16-geries at x = 0.27; nfb = 0.06 &b x = 0.27
oproducts erical b = 14.07 0, |B/b =0.02 at x=1.00
at x=1.00
8olid wls- min
NACA RACA 10-series; |pectangulsr h/b = 0,11 at x = 0.27
10-(3) (kg)-03| 1% 2 Clq = 030 froml (8 4n. chord) |nfb = 0.025 at x = 1.00
root to tlp

)

9TILSET WH VOVN
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TESTS

Blade-twist data were obtalned in the wind tunnel and at the static
test stand in essentlally the same manner. At each test point five
readings were taken on the electronic counter. Blade-twist was then
calculated for each reading and the results averaged. The electronic-
counter readings were not averaged directly because it was desired to
note the gbility of the instrument to repeat data In terms of blade
twist rather than a time interval in seconds. Since the optical deflec-
tometer measured a change in blade angle from a reference operating con-
dition to any operating condition, 1t was found necessary to correct the
measured values. of blade twist by a calculated value at the reference
condition of operation. The reference condition of operation was chosen
as the lowest rotational speed at which a constent number of revolutions
per minute could be held.

WADC-Aeroproducts propeller.- In the wind-tunnel investigation of
the WADC-Aeroproducts propeller, the primary objective was the determi-
nation of the 1-P vibratory characteristics of the propeller, and the
tests were run at or near zero thrust. The zero-thrust condition for
a given blade-angle setting was maintained by increasing the stream Mach
nunber and the propeller rotational speed up to the maximum rotstlional
speed (2,100 rpm). Blade twist was measured during the tests at the
0.75 radiasl station for BO-T5R = 19.7° and %9.1° at forward Mach num-

bers up to 0.Th.

Curtiss-Wright 109622 propeller.- The wind-tunnel tests of the
Curtiss-Wright 109622 propeller, for which blade-twist data were obtained
at the 0.75 radisl station, were made at constant forwerd Mach numbers
for BO.T5R = 54.7° and 60.2°. Since the primary purpose of the Curtiss-

Wright propeller wind-tunnel tests was the determination of the aero-
dynamic characteristics of the propeller, the rotational speed was varied
(at a constant stream Mach number) to obtain date from a lightly loaded
to a heavily loaded condition. The maximum stream Mach number and rota-
tional speed at which blade twist was measured were 0.96 and 2,080, rpm,
respectively.

NACA 10-(3)(049)-03 propeller.- Blade twist was measured at the
0.70 radisl stetion for B0-75R = 09, 40, 89, and 12° at zero advance

for rotational speeds up to 1,800 rpm for the WACA 10-(3)(049)-03 pro-
peller. This two-blaede propeller has one so0lid blade and orne blade in
which tubes were embedded for measuring the surface pressures at several
chordwise and spanwise stations. For this investigation the prism was



8 « NACA RM L53I16

mounted on the solid blade of the propeller. Generally for the blade-
angle settings where the rotationsl-speed range is limited, the limita-
tion was caused by flutter or failure of the deflectometer equipment.

ACCURACY

Blade twist.- It was determined during the calibration test of the
optical deflectometer that the instrument could measure the change in
propeller-blade-angle setting with an accuracy equal to that with which
the propeller blade could be set (£0.05°). The calibration curve for
the instrument is shown in figure 7.

During the propeller tests 1n the wind tunnel and at the statilc
test stand, eny one of the five readings teken at a given test point
agreed with the average of the five readings within +0.05°. Another
indication of the accuracy of the instrument was its ability to repeat
dats for a complete test run. A repest run made during the test of the
WADC propeller indicated that an agreement of 0.10C existed between the
two sets of data.

Based on the calibration tests and a study of the data obtained
from the instrument, 1t is belleved that the optical deflectometer
measured changes in blade angle of an operating propeller within +0.10°.

Propeller rotational speed and Mach number.- Propeller rotational

speed was determined wlth an accuracy of tl/h of a revolution per minute
and the stream Mach number was known to +£0.0Ol.

METHODS AND CALCULATIONS
Data Reduction
The test data obtained during the investigation of the NACA

10-(3)(0Lk9) -03 propeller were reduced to blade twist using the following
equation (see ref. 6):

N

M = Ein(36o X 0y X ty) - sin(360 x ny X tO]



L2

NACA RM L53I16 W 9

During the wind-tunnel tests of the WADC-Aercoproducts and Curtiss-
Wright propellers the deflectometer reference signal did not register
on the photoelectric cell when the blade wes in the bottom vertical
position, as it did for the NACA 10-(3)(049)-03 propeller tests, there-
fore a correction c¢ was employed in the equation used to reduce the
measured parameters to blede twist. The following eguation for blade
twist was used:

OB =-3Z£Ein(360x n Xty - e) - 81n(360 x 1y X tg - cI'

Values of ¢ = 3.0° and 20.5° were recorded for the WADC-Aeroproducts
and Curtiss-Wright propellers, respectively.

Calculated values of blade twist (by the method given in the fol-
lowing section), based on centrifugal effects only, are tebulated for
the following reference test conditlions at the 0.75 radial station for

the WADC-Aeroproducts and Curtiss-Wright propeliers and at the 0.T0 radisl

station for the NACA 10-(3)(0k9)-03 propeller:

Rotational speed at B

Propeller reference condition, 0.75R’ | 285

rpm deg deg
19.°7 0.28
WADC-Aeroproducts 600 39.1 ‘20
- 54.7 .08
Curtiss-Wright 600 Go0.2 Rel
0 A3
NACA 10-(3)(0k9)-03 500 18" 'Jl-g
12 .09

Theoretical Blade-Twist Calculations

Values of blade twist at several test conditions were calculated
for the WADC-Aeroproducts, Curtiss-Wright, and NACA 10-(3)(049)-03 pro-
pellers. 1In calculating the values of blade twist the method used was
similar to that given in reference 1:
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r
28 = l80hjp Mo + Mo + Mp
™ Jo G’

In this equation the blade twist at any radial station is & function
of the aerodynamic twisting moment M,, the tensile torsional moment M,,

the planipetal torsional moment Mp, the shear modulus of elasticity G,
and the total torsional-stiffness constant JT'. A complete description

of the variables in the blade-twist equation is given in reference 1;
briefly M, can increase or decrease the blade angle depending on the
chordwise location of the center of pressure relative to the flexural
axis, M. tends to increase the blade angle, and M, decreases the

blede angle (for positive blade-angle settings).

For the caslculated values of blade twist in which the serodynamic
twiating moment was evaluated, 1ift coefficient, drag coefficient, and
pitching-moment coefficient were obtalned from references 7, 8, and G.
For some of the calculations it was necessary to extrapolate the data
presented In these references for lower thickness ratlos and higher
angles of attack.

As noted In reference 2, thin propellers having high activity fac-~
tors will exhiblt an increase in torsional stiffness above the calculsted
torsional stiffness obtalned from membrane analogy (ref. 10). The cal-
culsted values of blade twist presented in this report are based on a
total torsional-stiffness constant Jp' which considers this increase

in torsional stiffness. For & thin symmetrical l6-series airfoll
sectlon:

t o Tt E 2 2 E'E_)z
Ip' = E+ 0.0145 a(%)b (dr

where J' 1is the value of the torsional-stiffness constant based on
membrane anslogy and has the following value for a symmetrical NACA
16-serles alrfoll section J' = 0.1793bh7 (ref. 2).

In casleulating the blade twist for a glven condition, it was nec-
eassary to perform on the average three iterations before convergence
was agsured to the extent that blade twist could be determined within
+0.03° of a final value. An iterstive process is necessary because the
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moments involved in the blade-twist equation are a function of blade
angle or the slope of the curve of blade angle plotted against propeller
radius.

RESULTS AND DISCUSSION

WADC-Aeroproducts propeller.- Measured values of blade twist are

presented in figure 8 as a function of propeller rotational speed for
B0-753 = 19.7° and 39.1°. Rotational speed was chosen as a parameter

for plotting the data becsuse blade twist was found to be primerily a
function of centrifugsl force. A maximum value of 2.57°% of blade twist
wes measured at 2,100 rpm for the 19.7° blade engle. At the 39.1° blade
angle, the maximum measured value of blade twist was 1.71° at 2,075 rpm.
Examination of the effect of blade-angle variation on the centrifugal
twisting moments indicates that the larger value of blade twiset measured
at the lower blade angle is to be expected. For posltive blade~angle
settings, the planipetal twisting moment tends to decrease the propeller
blade angle, and, for a given rotational speed, its magnitude varies as
the sin 28. The tensile untwisting moment, which tends to increase
blade angle is not a function of blade sngle but of the pitch distribu-
tion of the propeller, and remeins constant for e given rotational speed
as the propeller blade angle varies. The summation of the two moments
at a given rotational speed will therefore glve s larger net moment at
the lower blade-angle setting.

Calculated values of blade twist 1in which only centrifugal effects
were considered are slso presented on figure 8 at both blade angles
(30_753 = 19.7° and 39.10). The calculated and measured values of blade

twist for the 19.7° blade angle were found to be in excellent agreement
at 1,300 rpm and differed by 0.47° at 2,050 rpm. At the 39.1° blade
engle the calculated values were from 0.2° to 0.4% higher than the meas-
ured values. When the serodynamic twisting moment was Included in the
calculations it tended to decrease the total calculated values at
2,050 rpm for both blade angles by 0.10°. Since the WADC-Aeroproducts
propeller was operating at or near zero thrust throughout the inves-
tigation, the smsll contribution of the aerodynamic moment is not sur-
prising. The inclusion of the serodynamic twisting moment brings the
agreement between measured and calculated velues of blede twist at
2,050 rpm within 0.35° for both blade angles. This agreement is con-
sldered herein as fair.

Curtiss-Wright propeller.- Measured values of blade twist at the

0.75 radial station are presented in figure 9 for the Curtiss-Wright
propeller as a function of propeller rotastional speed at several Mach
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numbers for B, 7sg = 5h,7° and 60.2°. Analysis of the measured data

indicates that for the 54.7° blade angle the values of blade twist are
. practically independent of Mach number and rotational speed. For the
three Mach numbers presented in figure 9(a} (M = 0.89, 0.93, and 0.96)
the magnitude of blade twist varies from about 0.6° to 0.8°. At the
60.2° blade-angle setting (fig. 9(b)) the measured values of blade
twist are within a band from 0.4° to 0.9° for the three Mach numbers
(M = 0.89, 0.93, and 0.96) shown for all values of rotational speed.
There does not appear to be any consistent variation of A3 with
rotational speed as forward Mach number is varied. If the faired data
for the three Mach numbers were superimposed upon each other for rota-
tional speeds up to 1,700 rpm, the curves would agree with each other
within the accuracy of the measurements. An explanation of why this
agreement is reasonsble will be given in the following discussion of
the calculated results.

Calculated values of blade twist in which only centrifugal effects
were considered are also presented In figure 9. The agreement between
measured and calculated results is excellent at B 5R = 54 .70

(fig. 9(a)) while at Bo.75R = 60.2° (fig. 9(b)) discrepancies of

about 0.20° occur between the calculated and measured data. The results
indicate that the serodynamlic contribution to blade twist for this pro-
peller must be very small. This is indicated by theory and results of
alrfoil tests in which it can be shown that the center of pressure of a
thin symmetrical airfoil in supersonic flow moves from the subsonic
guerter-chord location to near the midchord location. For an NACA
16-series airfoil section in supersonic flow, therefore, the center of
pressure would be very close tc the center-of-gravity location (or
flexurel axis) and very little aerodynamic twisting moment would be
expected. Noting the high tip Mach numbers and forward Mach nmunbers

of the data presented in figure 9, it is concluded that the aerodynamic
contribution tec blade twist for the Curtiss-Wrighti propeller should be
small.

NACA 10-(3)(049)-0%3 propeller.- Actually the NACA 10-(3)(049)-03
propeller is not in the supersonic-type propeller category based on pres-
ent section-thickness-ratio criteries for supersonlic propellers. The
radial thickness-ratio distribution of the NACA propeller would probably
put it in a category between the subsonic and supersonic propeller. How-
ever, for purposes of anslysis and lack of data at zero advance for the
WADC-Aeroproducts or Curtiss-Wright propeller, the NACA 10-(3)(049)-03
propeller has been included in the discussion of blade twist of super-
sonic propellers.

Measured velues of the blade twist at the 0.70 radisl station for
the NACA 10-(3)(049)-03 propeller are presented in figure 10 as a func-
tion of propeller rotational speed for By 7sg = 0°, 4o, 89, and 12° at
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zero advance. The maximum measured value of blade twist for this pro-
peller was 1.96° at B, TSR = 4° end 1,800 rpm. For the other blade

angles (0°, 8°, and 12°), data were not cbtained at as high a rotational
speed and the meximum measured values of blade twist were considersbly
lower than at 80_753 = 4°. TFor rotational speeds from 500 to 1,000 rpm,

the measured velues of blade twist are about the same for the four blade
angles at a given rotational speed. The fact that blade twist is inde-
pendent of blade angle in this speed range indicates that the serocdynasmic
twisting moment is probably increasing as blade angle Increases and off-
gsets the planipetal twisting moment tending to decrease the blade twist.
This is substantisted by the decrease in the calculated values of blade
twist, based on centrifugal effects (aerodynamic effects neglected), at
a given rotational speed es blade angle is incressed (fig. 10). In
general the agreement between measured and calculated values (based on
centrifugel effects) is excellent below 1,000 rpm. Above 1,000 rpm the
two sets of data diverge. When the aerodynamic twisting moment was
evalusted for the highest rotational speed at each blade angle the fol-
lowing agreement between measured and calculated data was obtained:

a. For Bq omp = 0° and 1,350 rpm, the aserodynsmic twisting moment

decreased the calculated blade twist (based on centrifugal effects) by
0.18° and geve perfect agreement between the measured and totel ecal-
culated values. This decrease in blade twist due to aerodynamilc effects
is reasonsble because a lsrge portion of the blade is operating at nega-
tive angles of attack.

b. At By 7R = 4° and 1,800 rpm, the aerodynamic twisting moment

increased the calculated blade twist (based on centrifugal effects) by
0.4° and the agreement between the measured and total calculated values
was within 0.15°.

c. At BO 75R = 8° and 12° at rotational speeds of 1,150 and

1,100 rpm, respectively, the aerodynamic twisting moment increased the
calculated values of blade twist (based on centrifugal effects) to total
values sbout 0.20° above the measured values. It should be noted that
for these two blade-angle settings it was necessary to extrapolate the
two-dimensional airfoil datas to higher angles of attack for the inboard
blade stations.

An overall emalysis of the measured and total calculated values of
blade twist (centrifugal and serodynamic effects evaluasted) indicates
excellent aegreement.

The general conclusions to be drawn from the data presented at zero
advance are that blade twist can be calculated (based on centrifugal
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effects) accurately for lightly loaded conditions of operation; however,
there are indications that the aerodynamic twisting moment should be
evalusted when the propeller loading increases due to either an increase
in rotational speed or blade-angle setting.

Anslysis of the measured and calculated results for the three pro-
pellers tested.- An analysis of the measured and calculated values of

total blade twist for the three propellers tested indlcates excellent
agreement for the NACA 10-(3)(049)-03 propeller, good sgreement for the
Curtiss-Wright propeller, and good to feir agreement for the WADC-
Aeroproducts propeller (depending on the rotational speed under con-
sideration). In analyzing the calculated results, the effect of the
increased torsional stiffness for the three propellers was noted. The
radial variation of the increased torsional-stiffness factor JT‘/J‘

for the three propellers is given in figure 1ll. From this figure it may
be noted that the WADC-Aeroproducts propeller has the greatest value of
the additionsl torsional-stiffness factor for almost gll blade radial
statlons. The Curtiss-Wright propeller also exhibits a high value of
the increased torsional stiffness factor but not as great as the WADC~
Aercproducts propeller. The NACA 10-(3)(049)-03 propeller shows the
smallest value of the addltionsl torsionsl-stiffness factor

(Jp' /T =~ 1.10).

In the derivation of the total torsional-stiffness constant JT'

{ref. 2), the assumptlon was made that to the first approximation plane
cross sections remsin plane under torsional deformaetion. It is possible
therefore that for large values of blade torsional deformetlon the values
of the total torsional-stiffness constant used to calculate blade twist
may be subject to second-order effects. It would be expected then that
the calculations of blade torsional deflection for the WADC-Aercproducts
propeller with its large torsional deflections end large torsional-
stiffness factor would be influenced to a greater degree by any second-
order effects on the evaluation of the total torslonal-stiffness con-
stant than would the calculations for the Curtlss-Wright or the

NACA 10-(3)(0k9)-03 propeller.

Comparison of blade twist for the Curtiss-Wright propeller and the
WADC-Aeroproducts propeller.- A direct comparison of the measured values
of blade twlst for the Curtiss-Wright propeller and the WADC-Aeroproducts
propeller 1s not possible since data were not obtained under comparable
conditions (B, rotational speed, and forward velocity). It is evident,
however, from the data already discussed that the WADC-Aeroproducts pro-
peller is twisting more than the Curtiss-Wright propeller. 1In order to
ascertain the relative values of blade twist for the two propellers on
a comparsble basis, blade twist has been calculated (based on centrifugal
effects) along the blade radius for Bo. 7R = 50° &t 2,100 rpm (fig. 12).
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A value of MBg 75R = 2.49° was calculated for the WADC-Aeroproducts
propeller and ABO.?BR = 0.79° for the Curtiss-Wright propeller. In

an effort to determine the contributing factors csusing the difference
in blade twist for the two propellers, the components entering into
the calculstions have been isolated and are presented in figure 12.
Isolation of the components indicates that the value of the torsional-
stiffness constant Jp' for the WADC-Aeroproducts propeller is

h.ok times greater than for the Curtiss-Wright propeller at x = 0.30,
and 2.25 times greater at x = 0.T70. The net centrifugal moment
(Mc - M?), however, for the WADC-Aeroproducts propeller is 6.43 times

greater than the Curtiss-Wright propeller at x = 0.30 and 17.50 times
greater at x = 0.70. Inspection of the radial veriation of JT' and

M. - Mp for both propellers indicates that M, - Mp 1s proportionately

higher sll along the blade radius for the WADC-Aeroproducts propeller
than the corresponding Jmp'. Therefare, since both propellers are made

of steel (G 1is the same) it would be expected that the WADC-Aeroproducts
propeller would twist more than the Curtiss-Wright propeller.

Radial distribution of blade twist.- Since the measured deta pre-

sented in this report for the various propellers tested are at one
radial station only, an Insight as to the radial distribution of blade
twist will have to be obtalined from calculasted values of blade twist.

In figure 1% the calculated radial distribution of blade twist for the
WADC-Aeroproducts propeller at several values of rotational speed at
50.753 = l9.7° is presented. The calculated curves shown do not include

aerodynamic effects, but as haes been shown previously the aerodynamic
contribution to blade twist for this propeller, operating at zero thrust,
was small. A value of 3.86° of blade twist was calculated at the pro-
peller tip compared with 2.92° at the 0.75 radial station for 2,050 rpm.
For the other rotational speeds shown in the figure the blade twist at
the tip was also about 35 percent greater than that at the 0.75 radisl
station.

Effect of increassed torsional stiffness.- To 1llustrate the impor-
tance of including the increased torsional stiffness of thin propellers
in the calculation of blade twist, a calculation has been mesde for the
WADC-Aeroproducts propeller operating at 2,050 rpm and BO.TﬁR = 19.7°

in which the incressed torsional stiffness has been neglected. The
results of this calculation are presented in figure 13 for comparison
with the previously discussed radial wvalues of blade twist in which the
increased torsional stiffness was considered. At the 0.75 radisl station
the calculated value of blade twist neglecting the increased torsional
stiffness (based on J') is 6.10°. When this value is compared with the

calculated value of 2.92° (also at 2,050 rpm and By mp = 19.70) but in
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which the incressed torsional stiffness has been considered (based on
Jp'), it becomes readlly apparent how importent 1t is that increased

stiffness of thin propellers be considered. Hed the increased tor-
slonal stlffness not been included, a value of blade twist 109 percent
too high would have been calculated. The present blade-twist measure-
ments Indicate that thin propellers do experience an increased tor-
sional stiffness greater than the torsional stiffness indicated from
the membrane anslogy.

Variation of blade twist with blade angle at a constant rotstional

speed.- The variation of blade twist with blade angle for a constant
rotational speed is interesting because the overall picture of blade
twist under various operating conditions is obtained for a constant-
gpeed propeller. Calculstions of blade twist (based on centrifugal
effects) at x = 0.75 for the WADC-Aeroproducts propeller at various
blade angles and at a rotational speed of 2,050 rpm are presented in
figure 14. The majority of the blade angles selected for the calcu-
lations are the same as those for which the propeller vibratory char-
acteristics were determined dquring the wind-tunnel tests. The

BO T5R = -15° blade angle represents the propeller operating as a

brake. The minimum value of blade twist is 2.14° and occurs at
Bo T5R = L0°., As noted in the discussion of the measured results for

the WADC-Aeroproducts propeller, the tensile untwisting moment which
tends to increase the propeller blade angle remains constant for a
glven rotational speed as the blade angle is varied, whereas the plani-
petal twisting moment which tends to decrease the propeller blade angle
vaerles as the sin 28. It is therefore evident that the planipetal
twisting moments along the blade radius have attained a meximum result-
ant value at 60_75R = 40° since the algebraic sum of the two centrifu-

gal moments produces the minimum value of blade twist. For blade angles
higher or lower than 409, the value of blade twist increases. The maxi-
mum velue of blade twist for the calculated data presented in figure 14
occurs at By osp = -15° and has a megnitude of 6.99°.

Examination of the general magnitude of blade twist at low positive
blade angles (fig. 14) indicates that blade twist will have an adverse
effect on the stall-flutter characteristics of the propeller. For
instance, 1f a flutter speed for e given propeller has been estimated
on the basis of its static blade-angle setting (blade torsional deforma-
tion under operating conditions neglected), it may be found when the
propeller is actuslly tested that the rotational speed at flutter may
be considerably lower than was estimated if the propeller blade has
twisted to & higher angle than the static value. It is conceilveble
that, for a very thin propeller, blade twist may be of a sufficilent
magnitude to prevent flutter-free operation for any blade-angle setting
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thus resulting in what is known as a closed flutter boundary at high
rotational speeds.

Effect of blade twist on the aerodynamic characteristics of a

propeller.- The effect of blade twist on the sercdynamic characteristics
of a propeller has been calculated for one operating condition. In cal-
culating the effect of blade twist it was assumed in one case that the
propeller was rigid in torsion (static pitch distribution not altered
by propeller operation) and each blade section operated at an angle of
attack for maximum L/D at the design condition of operation. In the
second case 1t was assumed that the propeller was not rigid In torsion
and at the design condition of operation each section operated at an
angle of attack greater then the angle for maximm L/D by an amount
equal to the blade twist at the section. The design condition of
operation assumed for both calculations was M = 0.95, J = 2.20,
rotational speed, 2,100 rpm, and altitude, 40,000 feet. The geometry
of the propeller was identicael to the WADC-Aeroproducts propeller for
both cases except that it had a static pitech distribution of

Bx = ¢°x + G(L/D)maxx

It should be noted that induced effects have not been included in the
calculations. For the nonrigid propeller, a radial blade twist equal
to that calculated for the WADC-Aeroproducts propeller at 2,100 rpm
and B0-75R = 43.07° (based on centrifugal effects) was assumed at

the operating condition. The results of the calculations are given in
the following table:

. Thrust coefficient, | Power coefficient,
Propeller | Efficiency C
T Cp
Rigid O.7T7T 0.0924 0.2618
Nonrigid .75 1375 .h0o30

Although the efficiency is only decreased by 2.6 percent for the non-
rigid propeller, the thrust and power coefficients are changed by as
much as 50 percent. A plot of the resulting thrust-coefficient and
power-coefficient loadings is shown in figure 15 together with the
calculated variation of blade twist. It should be pointed out, however,
that for constant-speed propeller operation the large calculated changes
in thrust and power coefficients would not occur since the blade angle
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would be reduced slightly to maintain a constant power aebsorption. A
loss in efficiency would still occur since the majorlity of the blade
sections will operate at angles of attack greater or less than the
angle for maximm L/D.

CONCLUSTIONS

Measurement and calculation of blade~toraional deflection for
the supersonic-type propellers investigated led to the following
conclusions:

1. Blade-torsional deflection of supersonic-type propellers can
be aspprecisble. A maximum vaelue of blade-torsional deflection of 2.57°
was measured at the 0.75 radial station for the WADC-Aeroproducts pro-
peller for By 7sg = 19.7° at 2,100 rpm.

2. In general the agreement between messured and calculated values
of blade-torsional deflection was good; however, for the WADC-Aeroproducts
propeller a discrepancy of 0.350 exists at the higher rotational speeds.

3. The serodynamic twisting moment at supersonic blade section
speeds for the Curtiss-Wright propeller wes negligible as is indicated
by theory.

4, Calculations of the aerodynamic twisting moment for the
NACA 10-(3)(049)-03 propeller, which was operated at zero advance and
subsonic tip Mach numbers, indicate that the aerodynemic contribution
to blade twist can be apprecisble.

5. Thin propeller blades experience an increased torsional stiff-
ness greater then the torsional stiffness indicated by membrane analogy.

6. Blade twist calculations for the WADC-Aeroproducts propeller at
8 constant rotatlonal speed and considering centrifugal effects only
indlcate that blade twist for an off-design condition of operation, for
instance, the propeller operating as a brake, can be several times the
value at the deslign condition of operation.

Langley Aeronsutical Laboratory,
National Advisory Committee for Aeronsutics,
Langley Fleld, Va., August 31, 1953.
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Figure 2.- Downstream view of dynamometer installed in the Langley 16-foot
transonic tunnel test section.
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Figure 3.- NACA 10-(3)(049)-0% propeller mounted on one unit of the

-horsepower propeller dynamometer at the Langley propelier

stetic test stand.

6000



NACA RM 153116

25

leading edge of dynamometer
support strut

Sheet-metal cover

Shock mount

- /

Y Li_ghi source

P e
—

Shield around light

Focusing lens

Sh/ie[d fo keep out siray'light
Glass window

.. Prism giued %o face of
g photoelectric celi

Photoelectric cell

24"

Cooling air supply -

i

Figure 4.- Detail of deflectometer spparatus at base of dynamometer strut.



Tank liner

Tunnel
wall

Alr flow
— |

- Anf—— ____q‘_ Blade
1 prism
Heference y
priam — e l
!r
z -)-I et —
Blade prisnm
component (see
rig. 4)
Photoeleotric

oell

A -(-I Reference-prism
1light source

RAGAT

Concentrated
light beam

Section A-A

Fipure 5.~ Schematic diagram showing the location of the deflectometer
camponents in the Langley 16-foot transonic tunnel.

e

OTICCT W VOVN




NACA RM I53I16 ST 25

"""" WADGC- Aeroproducts propeller t
——————Curtiss- Wright propeller T
———NAGA [0-(3)049)-03 I
VA anininin =T
i
0 = = 111
N
o)
o 14 <
E.- \\ IR N
(@ o~
82 % .12 \ N
\
ES VAN = u
EM[o)
' 5 N |
'C{ -_8 Y. \\ F b/D
K \J
Vo6 5 08 RN ’
o % \ AN -B /
S _ 2 . R
558 5 06 PO
© \ NAR
% ﬁ b\\ )4 ‘\\,\\\ ‘\‘\
50 -% 04 [ TNL “}\ AN
. E h/b SN
42 8 .02 T
n AN
34

0 EEEN
@) 2 4 6 8 1O
Fraction of tip radius,x

Figure 6.- Blade-form curves for propellers tested.



Change in blade angle measured by protractor , deg

. NACA RM L53I16

iII_

2. 4 6 8 10 12 14 i6 18

Change in blade angle measured by optical deflectometer, deg

Figure 7.- Calibration curve for the optical deflectometer.



NACA RM L53116 SN 27

T T T 1 1 L. 1 1 ] t T [} T T 1 1
———C—— Measured values of blade torsional deflection
— — — — —Cadlculated values of blade torstonal deflection
(centrifugal effects only)
0 Calculated values of blade torsional deflection
(centrifugal and aerodynamic effects)
- Tip Mach number
32 ——— —— Forward Mach number
Pyl
28 7P
P < L
4 ={97° '4’ '//g
2 ﬁ%zsa F ) (T
) 20 //( /p/t)
S P
AN
P
16 Qﬁ,;4f’ \6
e ~
S L2 { — =M 12
@ L—— 7 ]
0 I —
£ P
«Q 8 ——— N B 8
<
s 4 — M a
g [ I A g
3 0 o]
©
8
‘@ 2.8
4°— B
2
[}
8 24 E
o (=
,’4" S
20 Bozsg =394 Jes 2
-+ P
L - (o)
16 n T
-1 (aa/n" -
12 e P L6
. 1. G
e —=M;
8 r r\// —+ =11 12
o] |- T
— T -
a4 — M 8
| L ] ~NACA | |
L ] | I | a

o 1300 1400 1500 1600 700 1800 1900 2000 2i00
Propeller rotational speed, N,rpm

Figure 8.- Variation of measured and calculsted values of blade torsional
deflection with propeller rotstional speed for the WADC-Aeroproducts

propeller.
ST



28 <SPS NACA RM 153116

T T T T I T ! 1 T T T T I T
_—O— Measured values of biade torsiona! deflection

—— — — Calculated values of blade torsional deflection
| (centrifugal effects only)

————— Tip Mach number , M

i.2
o L — M
8 Y B = 3 Do -E_ S .4
_ 0s6

4 1.2

(o] o]
o
@
-
Eie
8 =
3
~ .8 - 14 o
c P B S o
:..9: 3 _0_” @ 093 =
o — 2
@
o 4 1.2 §
_c' E
5 a
@ 0 o g
e
I
o
R
e8]

1.2
8 S . - !
ot Pt -O"Y-T'
 — () ot = ) O] o, o8¢
©

o e fmee—
4 — 1.2
o) 1 l_ | 0

1700 1800 1900 2000 2100

Propeller rotational speed, N, rpm

(a) Bo.75R = 5k .70,

Figure 9.- Variation of measured and calculated blade torsional deflection
for the Curtiss-Wright 109622 propeller.



NACA RM L53116 L]

Tip Mach number , Mt

[} ] T L} T T T i n t L} LY T L T
—CO—— Measured values of blade forsional deflection
[ — — — — Caiculated values of blade torsional deflection
| (centrifugal effects only)
—— —— Tip Mach number, M}
1.2 -
8 = e
LoA-Oq=—1 © o)
{1 b
o el 4——
4 =
g O
o
o
e
c L2
@
<
- ———FOT="F
_E .8 I ——
5 e i ok
b= 4 1= L= =
°
[ =4
=]
@ 0
e
D
o
8 |2
m
g S B
I
s = TOLC S g
4 O]
N I X —_ - . . :
TRACA
o : I 1
1400 1500 1600 1700 1800

Propeller rotfational speed ,N , rpm
(b} Bo.75r = 60.2°.

Figure 9.~ Concluded.




30

———O——— Measured values of blode torsional deflection
— — — —Colculated values of blade torsional deflection ( cenirifugal effects only )
ko Colculoted values of blade torsiona! deflection (centrlfugal + gerodynamic
effects )
—— — — Tip Moch number , My
12
| T )
T T T T
8 8Borsg =12° P 1.0
3]
4 = ——=—=] 8
L == T
e [—
[o] 2
L2
L]
T 71777 3
e B8 8Bozsr = 8° o
3 =
- a4 o - 6
& cL,—4k="____————“
5 S ——
§ o= *
2.4
5
= 20
o
2 <
5 - =
2 s 4]
'S 5Bozsp = 4° /.///,
o 1.2 - L
2 //—'/
8 ﬁf’ 1.0
C s L —
’———‘
c% 4 LT —rT 6
Il I
g =
o] 2,
1.2
L 1]
1T 11 -
8 8Bo7sr =0° ,//m/r/-‘ 1o
—
e
-A — T )/ _— = '6
L] =1 \\W—
o e i S N T T T
400 500 600 700 800 900 000 HOO 1200 1300 1400 1500 1600 1700 1800 1800
Propeller rotational speed , N, rpm

Figure 10.- Variation of blade torsional deflection with rpm for the

NACA 10-(3)(049)-03 propeller at zero advance.

NACA RM 153T16

Tip Mach number , M



NACA RM L53I16 . ) 31
4.0
Jr 0.0145 _ (b\2, 2 [dB\®
= 7 =[I+_G__—E(T{)D(Er_
S
e 30
Q
': //;////' -d/,// ~\\\
o WADGC
£ \
% N
= P N
£ 20 - ,/// §k‘:
5 ] . frveamm—]
§ curtlss — N
=
S
= NACA
w
t J—
<t
1.0
_
L1 1
.2 3 4 .5 .6 7 9 10

Fraction of propeller tip radius, x

Figure 11.~ Variation of the additional torsional-stiffness factor
calculated for the WADC-Aeroproducts, Curtiss-Wright 109622, and

the NACA 10-(3)(049)-03 propellers.



32 s ] NACA RM 153116

(=3
<
< LT T T ] [
4 3.0}———""—WADC propelier
s | —— — — Gurtiss _propeller P
S
‘0% 2.0
° =
©
S
£ 0 /'/
s P J B S B sy sy B
8 =
@ O -
7.0x103

6.0x10% 6.0 \\

5.0 S.0 \

a
¢ 4.0 & 40
= " \/
- o
- = N 1
= 1 \ K Jy
" 30 < 30 ANt/
- -
S - / y\
g : AVAN
S 20 g 20 /< ’ N
: g VAN’
£ ki / /K\
= Lo z 10 ¥ 7 ~
v = < :i\ \ \\
= (=3 [ X e~ N
g g -~ﬁh\__-t=:§_
B o] - o
5 3
2 it
-1
92 .3 4 .S .6 7 .8 .9 10

Fraction of propelier tip radius, % E

Figure 12.- Variastion of calculated blade torsional deflection based on
centrifugal effects, My - Mp, and Jp' for the WADC-Aeroproducts

and Curtiss-Wright 109622 propellers at Bo.75R = 50° and 2,100 rpm.



5G

NACA RM I53I16

2.0

8.0

7.0

6.0

5.0

4.0

3.0

Blade torsional deflection , A S, deg

20

S 33
Calculated volues{based on GJg'
2 2
- GJ'[[+0.0I45 £ (-ﬁ) b (%%)j
— — —-— Calculated values(based on GJ'}
RPM
_l—- 2050
//
//
—
’f
/’
4
Vd
/
/1
/
,I
‘/
y
/
/
/’ 2050 |
1
/'I // 1900
L ,////
4 /’/ 1600
/ / L1 ]
/ ///// /,/
// 7// /,/ | 1300
L1
,// ////// !
4 /,
A A TNNAGA
/7§
— [ ]
.3 4 .5 6 N .8 .9 1O

Bo.75R

Fraction of propeller tip radius , x

Figure 13.- Calculated radial variation of blade torsilonal deflection
and effect of increased torsional stiffness for the WADC-Aeroproducts

propeller.

= 19.7°.
4



3k S NACA RM 153116
7.2
R
\
6.4 N
\
\
56
\
\
8‘ N\
'U' \\
x 4.8
0 \
<
< \
5 40 \‘
o N
=2 AN
% \5
_ 32 A
o
s AN
» ‘\\
Q
: 24 ~Ne D
@
1.6
8
—_—
o L 1
=20 ~10 0 10 20 30 40 50 60

Blode angle ,B5755 ,deg

Figure 14.- Calculated varistion of blade torsional deflection based

on centrifugal effects with blade angle for WADC-Aeroproducts
propeller at 2,050 rpm.



NACA RM I53116 ] 35

d
Power—coefficient loading '"H%E

on
3]
=)
%' Rigid propeller (Bx= @ +O.(L/D)yax, )
- 3.0
5 —— — — Non rigid (8 =@g, +O(L/DIpax, + ABx)
: T
% 20 >
L~
2 7=
i A
g o) 1=
-~
S —4~
o e
& O
.8
/l—_—\
//- \\
7 .28 e
L~
- = ~,
e - Y
6 .24 dCT // /_/
dx '_“\\ i =T
5 OFI" 20 ac, /(\j(//
© '? _ dx | N L7 5 N
4 g Is x‘// \ 1] i
) g
g TN A T [\ -
4 /s 7 / //
3 5 .2 A e
= A 7
2 AA 1 -
% 7
S A7)
2 ¢ .08 7
I A
ié v
! 04
o o i1

.2 3 4 .5 .6 .7 .8 .9 1.0
Fraction of propeller tip radius, x

Figure 15.- Effect of blade torsional deflection on the aerodynamic
characteristics of the WADC-Aeroproducts propeller considering the
propeller as rigid in one case and free to twist for another case.
M=0.95; J =2.20; rotational speed, 2,100 rpm.

NACA-Langley - 3-26-54 - 360



EUIIIIIM llwﬂdfl Il =




